In this study, we systematically compared the morphological, functional and molecular characteristics of granulosa cells and oocytes obtained by a three-dimensional in vitro model of ovine ovarian follicular growth with those of follicles recovered in vivo. Preantral follicles of 200 µm diameter were recovered and cultured up to 950 µm over a 20-day period. Compared with in vivo follicles, the in vitro culture conditions maintained follicle survival, with no difference in the rate of atresia. However, the in vitro conditions induced a slight decrease in oocyte growth rate, delayed antrum formation and increased granulosa cell proliferation rate, accompanied by an increase and decrease in CCND2 and CDKN1A mRNA expression respectively. These changes were associated with advanced granulosa cell differentiation in early antral follicles larger than 400 µm diameter, regardless of the presence or absence of FSH, as indicated by an increase in estradiol secretion, together with decreased AMH secretion and expression, as well as increased expression of GJA1, CYP19A1, ESR1, ESR2, FSHR, INHA, INHBA, INHBB and FST. There was a decrease in the expression of oocyte-specific molecular markers GJA4, KIT, ZP3, WEE2 and BMP15 in vitro compared to that in vivo. Moreover, a higher percentage of the oocytes recovered from cultured follicles 550 to 950 µm in diameter was able to reach the metaphase II meiosis stage. Overall, this in vitro model of ovarian follicle development is characterized by accelerated follicular maturation, associated with improved developmental competence of the oocyte, compared to follicles recovered in vivo.
Introduction
Fundamental studies of ovarian dynamics are crucial for understanding the underlying causes of infertility and to improve assisted reproductive technologies (ART) in humans and domestic animal species in order to overcome infertility problems and optimize fertility preservation by cryopreservation and in vitro follicle development. Ovarian follicle development, and particularly the environment in which development occurs, significantly influences oocyte quality, and consequently, the success of pregnancy. Extensive research on follicle development has been conducted, mainly at the late antral and preovulatory stages, from those recovered in vivo as well as cultured in vitro granulosa cells. However, a better understanding of the early steps of ovarian folliculogenesis, in particular, during the preantral to early antral transition, is still needed (Palma et al. 2012 , McGee & Raj 2015 . Research on preantral follicles is justified by the fact that they constitute a large proportion of the total follicular population in the ovarian cortex (Gougeon 1996 , Scaramuzzi et al. 2011 , and they survive cryopreservation in sheep, goats and humans (Cecconi et al. 2004 , Vanacker et al. 2013 . Moreover, immediately prior to antrum formation, preantral follicles are the only follicles able to develop properly and individually in vitro (in contrast to isolated primordial and primary follicles) until the antral stage in domestic animal species and humans (Telfer & Zelinski 2013) .
In vitro culture of isolated preantral follicles has been successfully developed in ruminants (Newton et al. 1999 , Gutierrez et al. 2000 and humans (Telfer et al. 2008 , Xu et al. 2009 ) by several research groups. Various in vitro follicle culture methodologies have been developed, including two-dimensional (2D) systems with attached follicles and three-dimensional (3D) systems with or without gel-based encapsulation. The 2D system developed successfully in the mouse
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Reproduction (2017) 153 [493] [494] [495] [496] [497] [498] [499] [500] [501] [502] [503] [504] [505] [506] [507] [508] www.reproduction-online.org (Cortvrindt et al. 1996) does not work for human follicles or those of large domestic animals, mainly due to the longer culture period required, the greater diameter expansion and the disruption of follicle architecture leading to oocyte death. In vitro cultures of individual preantral follicles without attachment, which maintain the 3D morphology of the follicles and support substantial follicle growth and development, were accompanied by a progressive decrease in viability and weakening of the follicular architecture (Newton et al. 1999 , Gutierrez et al. 2000 . The follicle integrity can be improved by including follicles in a fibrinalginate-matrigel matrix, which preserves the optimal oocyte-somatic cell connections; however, the compressive force needs to be adapted in response to follicle expansion (Picton et al. 2008 , Shea et al. 2014 .
Studies that have focused on the in vitro development of preantral follicles in large non-rodent species have evaluated the quality of the follicle and its enclosed oocyte in culture by studying their survival and growth capacity, associated with the secretion of steroids or inhibins (sheep (Cecconi et al. 2004) , goat (Chaves et al. 2012 and human (Xu et al. 2009)) or anti-Müllerian hormone (primate (Xu et al. 2016) ) and/or oocyte competence to development (buffalo (Gupta et al. 2008) , sheep (Barboni et al. 2011 ) and goat (Magalhaes et al. 2011) ). The transcriptome of small follicles developed in vivo has been established for sheep (Bonnet et al. 2011 ) and goat (MagalhaesPadilha et al. 2013 ). However, gene expression studies for follicles developed in vitro are limited, as only a small number of genes are analyzed at the end of the culture, usually including GDF9/BMP15 and their receptors (sheep (Kona et al. 2016) and goat (Lima et al. 2012) ), BCL2/BAX (sheep (Praveen Chakravarthi et al. 2015) ), CYP19A1 (sheep (Lakshminarayana et al. 2014) ), EGF/EGFR (goat (Silva et al. 2013) ), INSR/FSHR (goat (Chaves et al. 2012) ) and the activin system genes (goat (da Silva et al. 2015) ). Only one study compared the in vivo and in vitro expression of 14 genes from small antral follicles of the rhesus macaque, which was performed using a microarray (Xu et al. 2013) . To our knowledge, there have been no systematic studies of granulosa cell proliferation, differentiation and viability, with oocyte growth and maturation, and their association with the expression of molecular markers of somatic follicular cells and oocytes. Moreover, a systematic comparison of these characteristics between follicles developed in vitro and those at the same stage developed in vivo would assist in providing a comprehensive overview of the events associated with in vitro follicle development.
In the present work, we studied the in vitro development of ovine preantral follicles (160-240 µm) with the following aims: (1) to simultaneously establish the kinetics of morphological and cellular changes in cultured preantral follicles and the growth of their enclosed oocytes; (2) to analyze the impact of in vitro follicle culture in terms of hormone secretion and gene expression on the oocyte and follicular cells, and compare these data to those obtained in vivo and (3) to compare the maturation state of the follicular cells and oocytes at each stage of in vitro follicle development.
Materials and methods
Unless otherwise stated, all culture media and chemicals used in the present study were purchased from Sigma-Aldrich Chemical.
Collection of ovaries and isolation and in vitro culture of preantral follicles
Ovaries (n = 20 for each culture experiment) were recovered from prepubertal sheep (6-8 months of age) at a local abattoir, which provided Charolais, Bleu du Maine and Suffolk ewe lambs as main breeds. Ovaries were washed with sterile 0.9% NaCl supplemented with 25 µg/mL gentamicin, and then transported to the laboratory within 2 h of collection in tubes containing the HEPES buffered tissue culture medium 199 supplemented with 0.4 mg/mL bovine serum albumin (BSA) and 25 µg/mL gentamicin (TCM199+). The ovaries were cut into thin slices using a sterile surgical blade. These slices were incubated at 37°C for 1 h in a cell dissociation PBS-based solution containing 0.1% collagenase IA and 0.01% DNase I, and then in a stop solution of PBS containing 2% BSA. After rinsing in warmed TCM199+ medium, follicles were mechanically isolated from the cortical ovary slices by micro-dissection under a stereomicroscope using two 30 gauge needles fitted to 1 mL syringe barrels, after which the follicles were stored in petri dishes containing TCM199+ medium. On day 0, the initial diameter of all follicles was measured on perpendicular axes with a stereomicroscope equipped with a calibrated ocular micrometer. Only preantral follicles between 160 and 240 µm in diameter, with no apparent damage to the basal membrane, no visible signs of degeneration (darkness of the oocyte and follicular cells) and no antral cavity were selected for culture (Fig. 1 ). For comparison with those developed in vivo, additional follicles of 160-950 µm in diameter were either individually analyzed for cellular characterization or pooled according to their size and frozen at −80°C in 20 µL lysis buffer (from the ARCTURUS PicoPure RNA isolation kit, KIT0202) for gene expression analysis.
The culture medium was prepared the day prior to culture (or medium renewal) with bicarbonate buffered Eagle minimum essential medium (MEM; alpha modification) supplemented with 2 mM glutamine, 2 mM hypoxanthine, 50 µg/mL ascorbic acid and ITS+ pre-mix (6.25 µg/mL insulin, 6.25 µg/mL transferrin, 6.25 ng/mL selenium, 1.25 mg/mL BSA and 5.35 µg/mL linoleic acid; Becton Dickinson, Le Pont de Claix, France). The control medium (αMEM+) was otherwise supplemented with 100 ng/mL of purified ovine FSH (oFSH), obtained from Dr Yves Combarnous (Nouzilly, France; batch no. CY1771-II, oFSH activity was 28-fold higher than the activity of NIH oFSH-S1). We have based our choice of this active but submaximal FSH concentration on previous data obtained from our laboratory concerning cultures of granulosa cells (Pierre et al. 2004 ) and cultures of ovine ovarian cortex to sustain the development of small follicles (Bertoldo et al. 2016) . For each culture, petri dishes containing 10 droplets of 100 µL of culture medium overlaid with mineral oil were pre-equilibrated overnight at 38.5°C in 5% CO 2 in air under 95% relative humidity. Isolated follicles were washed twice in TCM199+, measured, and then randomly allocated into two treatment groups with different culture media. Follicles were individually placed into each of the 100 µL droplets and incubated for up to 20 days. This culture period was found to be optimal for follicular growth and antrum formation. Petri dishes were removed from the incubator for morphological evaluation at day 1 (D1), D6, D13 and D20, taking care to manipulate follicles on a heating plate (37°C) for the least amount of time. The morphology of follicles was assessed using three criteria: (1) their 'integrity' (no breakdown of the basal lamina and extrusion of the oocyte); (2) their increase in diameter and (3) formation of an antral cavity, defined as a visible, translucent area within the follicular cell mass. Follicles were visualized and photographed using an inverted microscope at 20×, 10× or 4× magnification to assess their growth and survival throughout the culture period. At D6 and D13, half the culture medium in each droplet was replaced with fresh pre-incubated medium, and the medium removed from each droplet was individually frozen at −20°C for AMH and estradiol (E2) determination.
Morphological analysis of follicles developed in vivo and in vitro
Nine independent experiments were conducted for the morphological evaluation of intact follicles (with structural integrity) developed in vivo (n = 111) and those developed in vitro in the control (n = 157) and FSH-treated (n = 188) cultures. After each follicle had been measured, cells were dissociated after brief exposure to an accutase solution at 37°C. Oocytes and follicular cell suspensions were visualized under an inverted microscope at 40× and 10× magnification respectively. The photographs were analyzed to determine the oocyte diameter and cell number.
For each follicle, the follicular diameter, the external and internal oocyte diameters, the number of follicular cells and the presence of an antrum were evaluated. The zona pellucida thickness was calculated as the difference between the external and internal radius of the oocyte. Data for the in vitro developed follicles were first analyzed grouped by the day of culture. Then for in vitro and in vivo comparisons, follicles between 160 and 850 µm were grouped into 12 follicular diameter classes of 50 µm intervals.
The antrum volume V A was calculated by the equation:
, where V F is the follicle volume, V O is the oocyte volume, N C V C is the follicular cell volume, V C is the volume of one follicular cell and N C is the number of follicular cells. The volume of one follicular cell was estimated from follicles at the preantral stage collected in vivo, using the equation: V C = (V F − V O )/N C . Second-order polynomial regressions were fitted to the data sets to describe the increase in antrum volume with follicular size for the different developmental conditions (in vivo and in vitro control or FSH-treated culture).
Follicle quality (healthy or atretic) was assessed by the presence of mitosis and pycnosis in the granulosa cells of intact follicles developed in vivo (n = 29) and in vitro in the control (n = 35) and FSH-treated (n = 30) culture conditions over the 20-day period. The follicles were dissected and classified according to two follicular diameter classes, either 550 to <750 µm or 750-1000 µm. Immediately, each follicle was slit open and a smear of granulosa cells was prepared on histological slides, which were then fixed in a solution containing methanol, formaldehyde and acetic acid (80:15:5 v:v:v) , and subsequently stained with Feulgen. The quality of each follicle was assessed by microscopic examination of the smears, using classical histological criteria ( Supplementary   Figure 1 Morphology of follicles developed in vitro. Follicles were classified into one of the five developmental stages according to their diameter and the presence of an antrum. Follicles were imaged immediately after their recovery from ovaries (for follicles ≤240 µm diameter) or after culture. Follicles 160-240 µm in diameter at day 0 (D0) were cultured for 6, 13 or 20 days. Follicles were imaged under an inverted microscope. Scale bar: 100 µm. Fig. 1 , see section on supplementary data given at the end of this article) where follicles were judged as either healthy (frequent mitosis and no pycnosis in granulosa cells), slightly atretic (mitosis, some pycnotic bodies in granulosa cells) or atretic (no mitosis, numerous pycnotic bodies in granulosa cells), as previously described (Besnard et al. 1996) .
In vitro follicular secretion of anti-Müllerian hormone and estradiol
The secretion of AMH and E2 by the cultured follicles was assessed from four replicate cultures performed in the absence or presence of FSH (100 ng/mL). For hormonal determination, the culture media (50 µL) was recovered at D6, D13 and D20 only from follicles with maintained structural integrity, which had formed an antral cavity and had reached a diameter of at least 550 µm at the end of the culture period (D20). The concentrations of AMH and E2 in the culture medium were determined for at least 20 individual follicles per treatment at each of the selected time points.
The AMH concentration in the culture media was determined using the AMH Gen II ELISA kit (Beckman Coulter, Villepinte, France), which had previously been validated for the analysis of ovine samples (Estienne et al. 2015) . The AMH concentrations were determined in the 50 µL aliquots of culture medium, diluted to 1/5 for samples recovered at D6 and 1/10 and 1/100 at D13 and D20 respectively. The limit of detection of the assay for samples in this study was found to be 0.02 ng/mL (1.4 pg/well). The intra-and inter-assay coefficients of variations (s.e.m./mean) were 2.9% and 4% respectively.
The E2 concentrations in the culture media were determined using the E2-EASIA immunoassay kit (DIAsource, Louvain-laNeuve, Belgium) from the 50 µL aliquots of culture medium, diluted to 1/10 for samples recovered at D6 and 1/50 and 1/200 at D13 and D20 respectively. The limit of detection of the assay was found to be 2.8 pg/mL (0.4 pg/well). The intraassay and inter-assay coefficients of variation (s.e.m./mean) were 6.2% and 8.2% respectively.
Hormonal secretion was expressed as pg per follicle (in the 100 µL culture drop). As half of the medium had been replaced every 6-7 days of culture, the remaining amount of each hormone detected at the time of previous medium renewal was subtracted from the total amount measured for the studied culture period, and the data were expressed as 'de novo secretion'. The de novo secretion was further expressed relative to the follicular cell number, estimated from the size of the corresponding follicle. The number of follicular cells had been determined from counting and averaging the number of follicles in each of the 50 µm-interval size classes. The hormone concentration was then expressed as pg per 10 4 follicular cells.
In vitro maturation of oocytes from follicles developed in vivo and in vitro
Seven independent experiments were conducted for the oocyte maturation evaluation, involving 456 intact follicles developed in vivo (n = 250) and those developed in vitro in the control (n = 101) and FSH-treated (n = 105) culture conditions. The follicles collected in vivo were separated into four groups depending on follicular size: 400 to <550 µm, 550 to <1000 µm, 1-2 mm and >2 mm. For in vitro experiments, at the end of the culture period (D20), follicles with maintained structural integrity were divided into four groups depending on treatment, firstly for whether they were cultured with or without FSH (100 ng/mL), and then for their follicular size (400 to <550 µm or 550 to <1000 µm). After the follicles were opened, the oocyte-cumulus complexes (COCs) were carefully retrieved, washed in TCM199+ and examined under a stereomicroscope. Only oocytes that were completely surrounded by cumulus cells were tested for in vitro maturation (IVM). Groups of COCs (≤10 per droplet) were subjected to IVM evaluation, after they had been placed into 100 µL droplets of TCM199 supplemented with 10 ng/mL EGF and 100 µM cysteamine, overlaid with mineral oil, and then incubated for 24 h at 38.5°C under 5% CO 2 in humidified air, as previously described. The positive in vivo controls included COCs collected from follicles of 2-5 mm diameter that had been transported to the laboratory within 2 h in TCM199+ at 35°C and subjected to the contemporary IVM experiment. The negative controls consisted of COCs that had been recovered at D20 from the cultured follicles, or in vivo, which were then directly (without IVM) analyzed for their oocyte nuclear status. Oocytes were denuded, fixed in 4% paraformaldehyde in PBS, incubated with Hoechst 33342 (1 µg/mL) for chromatin labeling, and then placed on slides and mounted with Mowiol. Oocytes were observed with a microscope under ultraviolet illumination and photographed at 40× magnification. The meiotic stages were identified from the intact germinal vesicle stage until metaphase II (MII) ( Supplementary Fig. 2 ).
RNA extraction and cDNA synthesis
A total of 1758 follicles were used for the evaluation of gene expression. Follicles from 80 to 850 µm developed in vivo (n = 1389) were collected from ovarian cortex strips, as described in the isolation procedure. In parallel, follicles developed in vitro under the control conditions (n = 369) were recovered at D6, D13 and D20 from 10 independent culture experiments. Follicles were pooled according to their size, preserved in 20 µL extraction buffer (from ARCTURUS PicoPure RNA isolation kit, KIT0202) and stored at −80°C until use. For preparation of the 88 samples, follicles were allocated to one of five developmental stages (Supplementary Table 1) including small preantral (SPA; 80-160 µm) and medium preantral (MPA; >160 to 240 µm) follicles, corresponding only to follicles developed in vivo; and large preantral (LPA; >240 to 300 µm), early antral (EA; >300 to 550 µm) and antral (A; >550 to 850 µm) follicles, corresponding to follicles developed in vivo and in vitro. Follicles of the same stage were pooled to obtain a minimum of 500 ng of extracted RNA per sample.
Total RNA was extracted using the PicoPure RNA isolation kit, according to the manufacturer's instructions, including on-column DNase treatment. Total RNA was quantified using a NanoDrop ND-1000 spectrophotometer (Nyxor Biotech, Paris, France). The quality and integrity of the RNA samples were assessed using an Agilent 2100 bioanalyzer (Agilent Technologies) with an RNA 6000 Nano LabChip kit, 497 www.reproduction-online.org Reproduction (2017) 153 [493] [494] [495] [496] [497] [498] [499] [500] [501] [502] [503] [504] [505] [506] [507] [508] analyzed using the RNA integrity number (RIN) algorithm. Only samples that showed a RIN greater than or equal to 7 were selected. For each sample, 500 ng of total RNA was reverse transcribed into cDNA using the iScript cDNA synthesis kit (Bio-Rad Laboratories) with a blend of oligo (dT) and random hexamers to provide complete RNA sequence representation. The cDNAs were diluted five-fold in 10 mM Tris-HCl (pH 8.0) and 0.1 mM EDTA (TE), and then stored at −20°C.
Quantitative PCR with the BioMark HD system from Fluidigm
Specific primers were designed for 40 target genes and five reference genes (ACTB, RPL19, SDHA, TMED4 and YWHAZ). Gene names and primer sequences are presented in Supplementary Table 2 .
The expression of the 40 genes, known to be involved in preantral to antral follicular transition, in addition to the five control genes, was determined using the 96.96 Dynamic Array integrated fluidic circuits (IFCs) and the BioMark HD system from Fluidigm, as previously described (Bonnet et al. 2013) . Briefly, one specific target amplification (STA) with 14 cycles was performed on the 88 cDNA samples, derived from 43 samples of in vivo developed follicles, 45 samples of in vitro follicles (Supplementary Table 1 ) and two calibrator samples (cDNA derived from a pool of follicles, obtained by mixing equal amounts of RNA representing each of the five follicular stages with a pool of cDNA from each of the 88 follicles-derived cDNA samples). STA was performed with a pre-amplification primer mix that contained primers for the 40 target genes and five reference genes. The resulting STA cDNA samples were treated with exonuclease I, and then diluted fivefold in TE buffer and stored at −20°C. Following priming, each inlet of the dynamic array IFCs was loaded with the 45 primer pre-mix and a control primer pre-mix (RNAseP) in one section, and with the pre-mixed sample and the 88 STA cDNA samples, 1 STA calibrator, 1 internal control (ADNg) and the STA cDNA pool of the 88 cDNA samples in fivefold serial dilutions (1/3) (to determine the PCR amplification efficiency), in the other section. The chip was transferred to the BioMark HD, and qPCR was performed using the previously described thermal protocol (Bonnet et al. 2013) followed by a melting phase. All quality controls were performed consistently with the Genome and Transcriptome platform (Toulouse, France) and the manufacturer's recommendations. Data were analyzed using Fluidigm Digital PCR Analysis software (version 4) using the linear (derivative) baseline correction method and the auto (global) cycle threshold (Ct) method.
After determination of the Ct for each cDNA sample and PCR efficiency for each gene, the calculated relative expression (R = (E Ref Ct (Ref) /E target Ct(target) )) was normalized for the geometric average expression of the three most stable internal control genes, chosen from the five control genes (ACTB, RPL19, SDHA, TMED4 and YWHAZ) after they had been tested using the geNorm (version 3.4) algorithm. The three genes with the best qPCR efficiency (>1.9) and average expression stability value (M; M < 0.4) were SDHA (expressed at a low level in follicles), ACTB and RPL19 genes (highly expressed in follicles).
For the 10 oocyte-specific genes (oocyte specificity previously validated by Bonnet and coworkers (Bonnet et al. 2013 )), we used the expression ratio of the gene: R = E (−Ct) /N, where N is the number of equivalent oocytes in the sample, to avoid the impact of reference gene expression in the somatic follicular cells.
Statistical analysis
GraphPad Prism 6 (GraphPad Software) was used for statistical analyses, and a probability level of 5% (P < 0.05) indicated significant differences. After the Bartlett test had been performed to confirm the homogeneity of variances, the effect of culture time or follicle growth on the morphological parameters and hormonal secretions were analyzed using one-way ANOVA and repeated measures one-way ANOVA respectively, followed by the Tukey multiple comparisons test. Where the variances were found to be heterogeneous, the KruskalWallis test (or Friedman test for repeated-measures ANOVA) was performed, followed by the Dunn multiple comparisons post hoc test. The effects of different follicular developmental conditions and culture conditions (for hormonal secretions), or follicle diameter (for morphological parameters), were analyzed using two-way ANOVA followed by the Bonferroni multiple comparisons test. Chi-square analysis and Fishers test was used to assess the proportion of follicles that maintained their structural integrity and had formed an antral cavity, those with differences in follicular atresia and differences in the meiotic progression of the oocytes according to their follicular size, origin (in vivo vs in vitro) and treatment (control or FSH condition).
The effect of the different follicle development conditions (in vitro vs in vivo) and stages (preantral to antral stages) on gene expression were studied with a hierarchical analysis method using Cluster 3.0 software, which was applied to 40 genes and 79 biological samples, separated according to their development stage (LPA, EA and A). The data were log2-transformed, centered (mean) and normalized. Hierarchical clustering was performed using the Euclidian algorithm for dissimilarity with average linkage, and the results were visualized using TreeView software.
A one-way ANOVA was performed for the gene expression data, after the Bartlett test had confirmed the homogeneity of variances, followed by the Bonferroni multiple comparisons test. Kruskal-Wallis test was performed with the Dunn multiple comparisons post hoc test when the data were not sampled from Gaussian distributions.
Results
Morphological changes of follicles during culture
To analyze their growth and morphological changes during culture, follicles were classified into five stages according to their size (Fig. 1) . The first stage, named small preantral stage (SPA, 80 to <160 µm), only corresponded to follicles obtained in vivo. At the beginning of culture, all the follicles were at the medium preantral stage (MPA, . During the growth period from day 6 to 13 of culture, they reached the large preantral (LPA, >240 to 300 µm) and early antral (EA, >300 to 550 µm) stages. Thereafter, until the end of the culture period at day 20, follicles reached the antral stage (A, >550 to 850 µm).
Between day 1 and 20 of culture under control conditions, the follicle and oocyte diameters increased by 2.5-fold and 1.3-fold respectively (P < 0.01; Fig. 2A and C) and the number of follicular cells increased by 20.5-fold (P < 0.01; Fig. 2B ). The thickness of the oocyte zona pellucida increased progressively until day 13 of culture (P < 0.01) and reached a plateau between day 13 and 20 (Fig. 2D) . Similar changes were observed when follicles were cultured in the presence of FSH. Some of the cultured follicles did not survive until the end of the 20-day culture period, mainly due to the rupture of the basal membrane and opening of the follicular structure. Follicular structural integrity was lost in 39% and 27% of the follicles cultured in the absence or presence of FSH respectively, which was not significantly different between the culture conditions ( Supplementary Fig. 3 ). Follicles that maintained their structural integrity were viable, as shown by their labeling with calcein-AM ( Supplementary Fig. 4 ). Subsequent analyses were only performed on follicles that had maintained their structural integrity.
Follicular growth in vivo and in vitro
The morphological features of follicles with maintained structural integrity developed in vitro (n = 340) in the absence (control medium) or presence of FSH, were compared to follicles of the same size collected in vivo (n = 111).
During the culture period, and in parallel with increasing follicle diameter, the oocytes grew significantly (P < 0.05), reaching a mean external diameter of 140 µm in follicles larger than 600 µm after either in vivo or in vitro development. For in vitro development, the change in oocyte size was similar between follicles cultured with or without FSH. However, the diameter of the oocytes recovered from follicles 300 to 600 µm in diameter after culture was lower than that of similarly sized follicles retrieved in vivo (P < 0.05), suggesting that the oocyte growth rate was slower in vitro (Fig. 3A) .
During in vivo development of the follicle from 200 to 800 µm in diameter, the number of follicular cells increased by 18-fold, whereas in vitro development was associated with 32-fold and 37-fold increases in cell number in control and FSH-treated culture conditions respectively (P < 0.05) (Fig. 3B) . For follicles between 180 and 550 µm in diameter, the number of cells recovered after culture in control or FSH-treated conditions was comparable to those obtained in vivo. However, beyond 550 µm, cell numbers were higher in the cultured follicles (P < 0.01), indicating that the cell proliferation rate was higher in vitro.
The progressive antrum formation was related to the increase in follicular diameter. All follicles larger than 600 µm had a visible antral cavity after in vivo or in vitro development (Fig. 3C) . However, the percentage of follicles for which an antral cavity could be detected was lower in the follicles between 300 and 550 µm in diameter developed in vitro compared to those vs n = 42; day 6, n = 32 vs n = 43; day 13, n = 35 vs n = 52; day 20, n = 43 vs n = 51, for control and FSH-treated conditions, respectively). *Indicates the significant differences between treatment groups at the same culture time (*P < 0.05 and ns = not significant). Different letters indicate the significant differences between culture days for the same treatment group (P < 0.01). developed in vivo (P < 0.01 and P < 0.05 for in vivo vs in vitro control or FSH-treated culture conditions respectively), with no significant difference observed between the in vitro control and FSH-treated culture conditions. Moreover, from estimation of the antrum volumes, the regression curves established between the follicular diameter and the antrum volume differed between the follicles developed in vivo and in vitro (P < 0.001), indicating that the antrum growth rate was lower in vitro (Fig. 3D) . Again, no significant difference was observed for antrum growth between control and FSH-treated in vitro conditions.
Atresia rate in vivo and in vitro
Histological analysis of granulosa cells showed that atresia was present in less than 5-15% of follicles with a diameter between 550 and <750 µm, developed in vivo or in vitro (with and without FSH), and the atresia rate (percentage of atretic follicles) increased to more than 50% in follicles 750-1000 µm in diameter (Supplementary Table 3 ). For both size classes, there was no difference between the atresia rate of follicles developed in vivo or in vitro, regardless of the culture conditions.
Follicular secretion of anti-Müllerian hormone and estradiol during culture
The functional changes of growing follicles was assessed by studying their secretion of AMH and E2 during the culture period. Only follicles that had maintained their structural integrity, formed an antral cavity and reached a minimal diameter of 550 µm on day 20 of culture were analyzed.
The secretion of AMH by growing follicles in the culture medium increased between day 6 and 20 of culture for both the control (P < 0.001) and FSH-treated (P < 0.001) conditions, with a 3.3-fold and 3.2-fold increase observed respectively (Fig. 4A) . However, when expressed relative to the number of follicular cells, AMH secretion per 10 4 cells decreased progressively within the culture period for both the control (3.8-fold decrease, P < 0.001) and FSH-treated (2.2-fold decrease, P < 0.001) conditions (Fig. 4B) . In the presence of FSH, a 1.8-fold drop in AMH secretion per 10 4 follicular cells was observed on D6 (P < 0.001); however, AMH secretion after this point was similar for the control and FSH-treated conditions. The E2 secretion per follicle increased by 12-fold (P < 0.001) and 14-fold (P < 0.001) between day 6 and 20 of culture in the control and FSH-treated conditions respectively (Fig. 4C) . On D13 and D20 of culture, the E2 secretion per follicle was significantly higher (P < 0.05 and P < 0.01 respectively) for the FSH-treated follicles. When expressed based on the number of follicular cells, E2 secretion per 10 4 cells was decreased slightly between day 13 and 20 of culture in the control culture (P < 0.05), but no significant effect was observed for the FSH-treated conditions. Secretion of E2 per 10 4 cells was enhanced by FSH at D13 and D20 compared to that in the control condition (both P < 0.05, Fig. 4D ).
Oocyte competence to resume meiosis after culture
The functional maturation of oocytes enclosed in cultured follicles was assessed by studying their ability to resume meiosis in vitro, when removed from follicles and incubated for an additional 24 h (Table 1) . At the end of Figure 3 Comparison of follicular growth between in vivo and in vitro developmental conditions. Quantitative morphological data were acquired for follicles recovered after in vitro culture in the absence (control medium, n = 156) or presence of FSH (n = 184) and for follicles collected in vivo (n = 111). Data represent the (A) external oocyte diameter, (B) number of follicular cells, (C) percentage of follicles with an antrum and (D) antrum volume, all of which are expressed as a function of follicular diameter (after grouping into 12 follicular diameter classes of 50 µm intervals). *P < 0.05, **P < 0.01 and ***P < 0.001 for follicles developed in vitro vs in vivo. Data are expressed as mean ± s.e.m., except for antrum volume (panel D), for which the mean data of each follicular size class was fitted to a second-order polynomial equation.
Reproduction (2017) 153 493-508 www.reproduction-online.org the culture period, regardless of follicle treatment (with or without FSH), all oocytes recovered from cultured follicles (n = 10) had an intact germinal vesicle (GV). After in vitro maturation (IVM), there was no difference in oocyte maturation ability between the control and FSHtreated follicles. Of the oocytes retrieved from cultured follicles larger than 550 µm (n = 146), 53% resumed meiosis and 36% matured to the MII stage, whereas 85% of those recovered from cultured follicles with a diameter less than 550 µm (n = 59) remained immature (P < 0.0001). For follicles under 550 µm developed in vitro, there was no significant difference with those developed in vivo, with only 15% of the oocytes able to resume meiosis. In contrast, for follicles larger than 550 µm, a better maturation stage (P = 0.0002) was obtained for oocytes derived from cultured follicles, with a lower percentage of oocytes in the GVBD/MI stage (18% vs 38%) but a greater percentage in the MII stage (36% vs 9%) for in vitro vs in vivo origin respectively (Table 1 ). In our IVM conditions, 85% of the oocytes recovered from 1 to 2 mm follicles isolated from fresh ovarian cortex fragments (n = 58) were able to resume meiosis, only 35% of which matured to the MII stage and 72% of oocytes recovered from follicles up to 2 mm in diameter (n = 100) matured to MII (positive controls).
Differential gene expression between follicles developed in vivo and in vitro
To better understand the transcriptional changes during follicular growth in vivo compared to those induced by the in vitro culture conditions, we performed qPCR on follicles sampled from the preantral to antral stages collected in vivo or follicles cultured in control in vitro conditions for 6, 13 or 20 days. We focused on 40 genes known to be expressed by follicles at these developmental stages, which were classified according to their expression levels in vivo or in vitro Figure 4 AMH and E2 secretion by cultured follicles. AMH (panels A and B) and E2 (panels C and D) concentrations were measured in culture medium at days 6 (D6), 13 (D13) and 20 (D20) of culture in control and FSH-treated conditions. Data represent the de novo hormonal secretion of at least 20 follicles per group at each culture time. They are expressed as mean ± s.e.m. in pg per follicle (panels A and C) and in pg per 10 4 follicular cells (panels B and D). *Indicates significant differences between treatment groups at the same culture time (*P < 0.05, **P < 0.01, ***P < 0.001). Different letters indicate significant differences between culture periods for the same treatment group (P < 0.01). Table 5 ) at different follicular stages. Based on the expression of these 40 target genes, a non-supervised hierarchical clustering and heat map was generated (Fig. 5) . As expected, this analysis distinctly separated the follicles sampled into two clusters based on their gene expression profiles for those developed in vivo vs in vitro. Furthermore, the large preantral and early antral follicles were clustered in the same region (correlation node = 0.6), whereas the antral follicles were in a distinct region (correlation node = 0.3).
The cluster analysis also identified two major clusters in the gene axis. Of the 40 genes analyzed, downregulated expression of 17 genes (correlation node = 0.05) was found in follicles cultured in vitro, and 20 genes were upregulated (correlation node = 0.5) compared to their expression in follicles at the same stage collected in vivo. The cluster of downregulated genes included receptors (AMHR2, KIT, BMPR1B and INSR), ligands (KITL, AMH, BMP6, BMP15 and LIF) and genes involved in cell proliferation, meiosis and apoptosis (CDKN1A, GADD45A, BCL2, WEE2 and MYC). Another gene cluster comprised three genes whose expression increased with follicle development similarly in vivo and in vitro, including the oocyte-specific gene SPO11 and two follicular somatic receptor genes, LIFR and IGF1R. The cluster of upregulated genes mainly included those that encode nuclear receptors (PR, ESR1, ESR2 and AR), membrane receptors (BMPR1A, BMPR2, FSHR and LHR), members of the inhibin/follistatin system (INHA, INHBA, INHBB and FST) and genes involved in cellular proliferation, communication and apoptosis (CCND2, GJA1, CCDC80, BAX and TP53) and steroidogenesis (CYP19A1, CYP17A1 and CYP11A1). Figure 6 shows the results for 12 representative genes expressed in somatic cells of the follicles cultured in vitro compared to follicles obtained in vivo at different developmental stages. These genes were classified into three groups. The first group represented genes whose expression was highly increased during follicular growth in vitro compared to those developed in vivo, and included CCND2, GJA1, BAX, CYP19A1, ESR2, FSHR, INHA, INHBA and INHBB. In vivo, the expression of FSHR, INHBA and INHBB was stable, whereas the expression of CCND2, CYP19A1 and INHA slightly increased during follicular growth. The second group represented genes whose expression was decreased during follicular growth in vitro compared to in vivo, including CDKN1A and BCL2. CDKN1A expression was highly downregulated in vivo (7.6-fold) between the small preantral and antral stages and drastically reduced (3-fold) in the large preantral follicles cultured in vitro compared to similar follicles obtained in vivo (P < 0.01), which remained stable thereafter. BCL2 expression was also progressively downregulated (2-fold) in vivo between the small preantral and antral stages, with a similar pattern observed in vitro, in which BCL2 expression was reduced fourfold during the culture period compared to follicles obtained in vivo. The third group included only the AMH gene, whose expression was highly increased during follicular growth in vivo compared to in vitro. Moreover, antral follicles developed in vitro showed a 50% reduction in the level of AMH mRNA compared to in vivo follicles. For follicles developed in vitro, Figure 5 Heatmap of a hierarchical cluster analysis of gene expression data from follicles developed in vivo and in vitro. Each row corresponds to one gene, and each column to one follicle type. The hierarchical clustering dendrogram of samples was generated based on follicular gene expression in follicles developed in vivo (n = 452) and in vitro (n = 369), which were separated into three stages: large preantral follicles (LPA), early antral follicles (EA) and antral follicles (A). The supervised hierarchical clustering (gene axis) represents the distribution of the normalized gene expression ratio, grouped by pattern similarity. Red, black and green represent the levels of expression: up, mean and down, respectively. (ns) = no differences of gene expression between in vivo and in vitro conditions.
Gene expression in the somatic cells and the oocyte of follicles developed in vivo and in vitro
Reproduction (2017) 153 493-508 www.reproduction-online.org the initial increase in AMH expression from the large preantral to early antral follicle stage (EA/LPA = 1.6) was attenuated thereafter (A/EA = 0.9). Figure 7 shows the results of the qPCR analysis for six representative genes that were specifically expressed in oocytes, the expression of which increased at the different follicular developmental stages in vivo. For five of these genes, KIT, BMP15, GJA4, ZP3 and WEE2, the expression was lower in follicles developed in vitro compared to those developed in vivo. The expression of KIT, BMP15 and WEE2 increased during in vitro culture, whereas GJA4 and ZP3 expression remained low and stable. In contrast, SPO11 expression was found to be similar in follicles developed in vitro and in vivo, with Figure 6 Representative in vitro expression of somatic-specific genes. Data are expressed as mean ± s.e.m. *Indicates significant differences between follicles developed in vivo and in vitro at the same developmental stage (*P < 0.05, **P < 0.01 and ***P < 0.001; ns, not significant). Different letters indicate significant differences between follicles of increasing developmental stages within the same developmental conditions (in vivo or in vitro) (P < 0.05). SPA, small preantral follicles (80 to <160 µm); MPA, medium preantral follicles (160-240 µm); LPA, large preantral follicles (>240 to 300 µm); EA, early antral follicles (>300 to 550 µm); A, antral follicles (>550 to 850 µm).
www.reproduction-online.org Reproduction (2017) 153 [493] [494] [495] [496] [497] [498] [499] [500] [501] [502] [503] [504] [505] [506] [507] [508] increased expression observed from the preantral to the antral stages in vivo and in vitro.
Discussion
This study reports the developmental changes accompanying the growth of ovine ovarian follicles between 160 and 950 µm in diameter during a 20-day culture period. We have established the growth and secretory features and the transcriptomic profiles of the cultured follicles, in addition to the ability of their enclosed oocytes to mature when compared to follicles developed in vivo.
The animal model chosen was the prepubertal ewe lamb, between 6 and 8 months of age, characterized by low serum FSH levels and ovaries containing high numbers of growing follicles (Rawlings & Churchill 1990) . This model can be of particular interest for the human species. Indeed, fertility preservation by cryopreservation in human mainly concerns children and adolescents, patients who are at high risk of malignant contamination of their ovarian tissue. Anderson and coworkers showed a reduced growth of isolated follicles for young patients compared to adults, indicating true intrafollicular differences in addition to potential differences in their local environment. There are likely maturational processes occurring in the ovary through childhood and adolescence, which may involve the loss of abnormal follicles and increasing follicle developmental competence (Anderson et al. 2014) . This is the first detailed study to accurately describe the morphological modifications of follicles induced by in vitro culture conditions. Given that the 3D relationship (spatial positioning) between the different cell types of the follicle in culture may influence the somatic cell proliferation and differentiation, as well as oocyte developmental competence (Woodruff & Shea 2007) , we must pay special attention to the choice of culture conditions. Our study is based on a simplified preantral follicle culture system that allows the follicles to partly attach to the bottom of the plastic well without spreading (Newton et al. 1999 , Picton et al. 2008 . This system is a compromise between an adhesive 2D culture system, which may lead to distorted follicular morphology and frequent follicle disruptions, and a compressive 3D culture using complex hydrogels, which is better able to support the dynamic spatiotemporal regulation of follicle development (Shea et al. 2014) .
In sheep, a follicle is known to progress from the preantral (210 µm) to the small antral (620 µm) stage in 27 days in vivo (Cahill & Mauleon 1980) . However, in our in vitro conditions, a similar increase in size took only 20 days and was not affected by the presence of FSH. The shorter time required for follicle development was accompanied by several morphological differences between the in vivo and in vitro conditions. Firstly, the oocyte growth rate was decreased in vitro, as the Figure 7 Representative in vitro expression of oocyte-specific genes. Data are expressed as mean ± s.e.m. *Indicates significant differences between follicles developed in vivo and in vitro within the same developmental stage (*P < 0.05, **P < 0.01 and ***P < 0.001; ns, not significant). Different letters indicate significant differences between follicles of increasing developmental stages within the same developmental conditions (in vivo or in vitro) (P < 0.05). SPA, small preantral follicles (80 to <160 µm); MPA, medium preantral follicles (160-240 µm); LPA, large preantral follicles (>240 to 300 µm); EA, early antral follicles (>300 to 550 µm); A, antral follicles (>550 to 850 µm).
Reproduction (2017) 153 493-508 www.reproduction-online.org maximal external diameter of 140 µm was reached in follicles with a diameter of 375 µm in vivo (in agreement with previous observations (Cahill & Mauleon 1980) ), but only in follicles of 625 µm in vitro. Secondly, the number of somatic cells per follicle increased about 18-fold from the preantral to the antral stage in vivo, as shown previously (Cahill & Mauleon 1980 , Lundy et al. 1999 , whereas for follicles developed in vitro, there was an additional increase in proliferation rate in the small antral follicles larger than 550 µm of diameter. Thirdly, antrum formation was delayed and slowed in vitro. The components of the follicular fluid that fills the antrum and is involved in its expansion in vivo are known to be derived from both follicular cells and serum (Rodgers & Irving-Rodgers 2010) . During in vitro follicle development, some of these components likely originate from the culture medium; however, the absence of functional follicular vascularization may have prevented the movement of fluid. In conclusion, follicular morphogenesis was affected by the in vitro culture conditions, evidenced by a decrease in oocyte growth rate, an increase in somatic cell proliferation and a delay in antrum formation.
Early follicular growth in vitro and in vivo was further investigated by comparing the expression of a panel of 40 genes. The proliferation rate of granulosa cells is known to be regulated by the balance of positive and negative cell cycle regulators (Robker & Richards 1998) . In vitro follicular growth was accompanied by an increase in the expression of CCND2 with a simultaneous decrease in CDKN1A expression. Interestingly, the expression of these genes in follicles developed in vitro was higher and lower respectively, than follicles developed in vivo, suggesting that these differences may be, at least partly, responsible for the higher rate of granulosa cell proliferation observed in vitro. Moreover, in vitro, the mRNA levels of BCL2 and BAX, which are anti-and pro-apoptotic factors respectively, were drastically decreased (4-fold) and increased (2-fold) respectively, suggesting that the increased BAX/BCL2 ratio that exists during follicular growth in vivo ((Tilly et al. 1997) and present results) is enhanced in vitro. Nevertheless, the increased rate of follicular atresia was similar during the growth of small antral follicles in vivo and in vitro.
Furthermore, the culture conditions induced a higher GJA1 (encoding the connexin 43 protein) expression compared with in vivo conditions, likely ensuring improved coordination and synchronization of the processes involved in granulosa cell proliferation and differentiation previously observed in vivo (Nuttinck et al. 2000) . The differentiation state of granulosa cells was assessed by determining the expression of several wellknown markers of follicular maturation. In the present study, the expression of CYP19A1, FSHR, ESR2, INHA, INHBA, INHBB and FST was very low during early folliculogenesis in vivo, as expected (Scaramuzzi et al. 2011) but was increased by 3-to 5-fold during the culture period, finally reaching 5-to 16-fold higher levels of expression in antral follicles developed in vitro than those developed in vivo. These observations suggest that the in vitro culture conditions induced early and fast acquisition of a mature stage of follicle development. Moreover, elevated E2 concentrations were observed in the culture medium throughout the 20-day culture period, with the conditions including FSH stimulation leading to the highest E2 follicular production. This increase in E2 secretion by follicles was associated with an increase in the number of granulosa cells per follicle, resulting in a global steady state of E2 secretion per cell. It is suggested that follicular production of E2 in vitro may be limited by the weak development or a lack of theca cells required to provide androgens as a substrate for the aromatase enzyme present in granulosa cells. In any case, such an early increase in the in vitro expression of markers of granulosa cell differentiation in large preantral or/and early antral follicles suggests accelerated follicular maturation as a result of in vitro culture, leading to prematurely estrogen-active follicles compared with those developed in vivo.
In the sheep, in vivo intrafollicular expression of AMH reaches its maximum level in early antral follicles of about 1 mm diameter and gradually declines in the subsequent stages of follicle development (Monniaux et al. 2013) . In the present study, AMH expression was indeed highly upregulated (>5 fold) in vivo from the small preantral to the small antral stage; however, AMH mRNA was twofold lower at the small antral stage in vitro than that in vivo, accompanied by decreased AMH secretion per granulosa cell during culture. These observations are consistent with those reported by Xu and coworkers (Xu et al. 2016 ) who showed a decreased rate of AMH secretion during the final stages of antral follicular growth in vitro. This decrease may alleviate the inhibitory action of AMH on follicular differentiation in vitro, described elsewhere (Campbell et al. 2012) .
The increased expression of the oocyte-specific genes ZP3, GJA4 (encoding the connexin 37 protein), KIT and BMP15 between the preantral and the small antral stage of follicular growth in vivo is in agreement with previous observations (Roller et al. 1989 , Wright et al. 2001 , Hutt et al. 2006 , Feary et al. 2007 , Bonnet et al. 2011 . However, the expression of these genes was drastically downregulated during culture. This suggests that communication between the oocyte and its surrounding follicular cells is probably impaired in vitro. The lower expression of GJA4 and KIT may explain the decreased oocyte growth rate observed in vitro. Indeed, mutations in either of these genes has been shown to affect the completion of oocyte growth (Carabatsos et al. 2000 , Reynaud et al. 2001 . Moreover, the altered BMP15 expression in the oocyte observed in vitro may contribute to the advanced follicle maturation in vitro compared to in vivo developmental conditions (Moore & Shimasaki 2005 [493] [494] [495] [496] [497] [498] [499] [500] [501] [502] [503] [504] [505] [506] [507] [508] Oocytes reached nuclear maturation, despite the alterations in oocyte gene expression in vitro, leading to a higher degree of meiotic competence compared to oocytes from follicles of the same size developed in vivo (Cognié et al. 1998) . Indeed, in our culture conditions, half of the oocytes obtained from follicles of 550-950 µm in diameter were able to resume meiosis, with fourfold more oocytes reaching the MII stage after in vitro follicle development compared to in vivo development. In sharp contrast, this competence to resume meiosis was only reached in follicles larger than 1 mm in vivo. Interestingly, although the expression of WEE2, a gene involved in the maintenance of meiotic arrest in oocytes (Solc et al. 2010) , increased from the preantral to antral stages in vivo (Bonnet et al. 2015) and in vitro (present results), its expression was lower in vitro. This could correspond to the maintenance of meiotic arrest of follicle-enclosed oocytes in vivo, and the earlier acquisition of oocyte competence to resume meiosis in vitro. Indeed, downregulation of WEE2 expression resulting from RNAi injection in vitro or transgenic overexpression of RNAi in vivo, has been reported to result in meiotic resumption in mouse (Han et al. 2005) and monkey oocytes (Hanna et al. 2010) . In contrast, the expression of SPO11, a gene preferentially expressed in oocytes from small antrum follicles (Bonnet et al. 2015) and involved in meiotic DNA repair and recombination (Lam & Keeney 2015) , was similarly increased in vivo and in vitro. Therefore, our culture conditions appeared to maintain meiotic arrest of oocyte-enclosed follicles, but facilitated the acquisition of meiotic competence, even preparing the oocyte to perform meiosis. Overall, further investigations are needed to obtain a better understanding of the functional state of the oocyte enclosed in the follicle in vitro.
The results of the present study demonstrate that ovine preantral follicles developed in vitro can reach the small antral follicle stage, with some characteristics of fully mature follicles. This in vitro development requires insulin supplementation but can be achieved without FSH. The main effect of FSH observed in our in vitro study was an increase in steroidogenesis accompanied by a decrease in AMH secretion by granulosa cells. For ovine follicles developed in vivo, FSH is neither essential for follicles to grow up to 2 mm diameter nor for the proliferation of granulosa cells (McNeilly et al. 1986 , Scaramuzzi et al. 2011 . However, these small follicles have FSH receptors (Tisdall et al. 1995) and are therefore sensitive to this hormone. Moreover, FSHR expression, found to be stably expressed in vivo from the preantral to the small antral stage, was progressively increased by up to 2.8-fold in vitro, supporting previous observations in goat (Silva et al. 2013 ) and suggesting better sensitivity to FSH in culture than those developed in vivo.
In our culture conditions, the expression of thecal markers like LHR, CYP17A1 and CYP11A1 suggests the presence of some theca cells in variable numbers, likely due to the technique of follicle dissection. Interestingly, Figure 8 Schematic comparison of functional changes in oocytes (top) and granulosa cells (bottom) occurring concomitantly during sheep follicle development in vivo (left) and in vitro (right). In vivo, the full meiotic competence of the oocytes is acquired in follicles >2 mm diameter in sheep, the expression of BMP15 and WEE2 genes increase earlier and reach higher levels than for follicles developed in vitro. In vivo, the antrum is formed in follicles >250 µm diameter, granulosa cell proliferation and AMH expression reach a maximum at 1 mm diameter, and the expression of CYP19A1 increases after the follicles reach 2 mm diameter, when the vulnerability of granulosa cells to enter apoptosis is the highest. In vitro, the antrum is formed slightly later than that observed in vivo, but the proliferation rate of granulosa cells and the expression of AMH and CYP19A1 increase and peak earlier than in vivo.
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Reproduction (2017) 153 493-508 www.reproduction-online.org the expression of these genes was upregulated in vitro compared to that observed in vivo, corresponding to the earlier differentiation status of the follicle induced by the in vitro culture.
In conclusion, compared to in vivo developmental conditions, the in vitro culture conditions utilized in this study induced decreased rates of oocyte growth, a delay in antrum formation, an increase in the rate of follicular cell proliferation and advanced follicular cell differentiation, reflected by higher expression of gene markers of follicular maturation and an earlier ability of some oocytes to resume meiosis after in vitro maturation. These changes, summarized in Fig. 8 , likely result from the privileged dialog existing between the oocyte and its surrounding follicular cells, which coordinate the different phases of follicle development (Eppig et al. 2002 , Buratini & Price 2011 , Monniaux 2016 , this dialog being affected by the in vitro culture system.
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